A current of 1.54 kA was obtained under a bias voltage of only 1.6 kV by employing a single photoconductive semiconductor switch (PCSS) excited by a laser diode (LD) with energy of 4 μJ. In this work, an opposed contact structure PCSS was used instead of a lateral structure one. We show that a avalanche multiplication rate of PCSS as high as 258 has been obtained. The effects of the electric field strength and of the capacitance on the current waveform were investigated. Moreover, the damping degree was calculated in combination with the current waveform. The calculation indicates that the current attenuation degree increases upon the increase of the capacitance for a fixed value of the electric field strength, whereas the current attenuation degree decreases upon the increase of electric field strength for a fixed charging capacitance. The results obtained in this work show that, by employing opposed contact structure PCSSs in combination with a relatively low bias voltage and laser pulse energy, high-current and long pulse power devices based on inexpensive and compact sources can be produced.
I. INTRODUCTION
Photocondutive semiconductor switches (PCSSs) based on Gallium Arsenide (GaAs) have been widely used in highpower and ultrafast electronics technologies, due to their attractive characteristics [1] - [2] . For instance, PCSSs are employed to generate ultra-wideband microwave pulses and compact pulsed power sources. Moreover, GaAs PCSSs can operate in nonlinear mode, in which a single incident photon induces ultimately the formation of several electron-hole pairs. Therefore, in presence of GaAs PCSSs the trigger laser energy can be reduced from the mJ-to the µJ-order and a compact pulsed laser diode (LD) can then replace more complex tabletop laser sources. The cost of the PCSSs and the size of the trigger laser source can thus be significantly reduced [3] . In conclusion, GaAs PCSSs are valuable solidstate devices, which possess attractive characteristics, such as large current, ultrafast switching, low-energy triggering, and low jitter [4] - [6] .
Firing sets require the operation of PCSSs at a kiloampere current and microsecond level, which was obtained, in most studies, by using a large trigger energy and a high bias voltage [7] . A high bias voltage may not only lead to flashover but it also demands for higher insulation performances of the PCSSs. In a previous study, a current as high as 1.5 kA has been obtained under a bias voltage of 2 kV with a trigger laser energy as high as 16 mJ [8] . Using diode triggering of multiple current-sharing filament channels can improve lifetime of PCSS at 1 kV/l kA [9] . Obtaining high current and long pulse with a low bias voltage and trigger energy is a challenging task. In this letter, a single PCSS was triggered via a 4 µJ commercial LD and a current of 1.54 kA 1400 ns was obtained with a bias voltage of only 1.6 kV.
II. EXPERIMENTAL SETUP
High-gain has enabled kA switching of GaAs PCSS using diode laser sources in the µJs energy range for a long time. As early as 1995, 5.2 kA/4.2 kV with 1.5 µJ of optical trigger energy has been reported [10] . The PCSS used in this study is made of semi-insulating GaAs. The PCSS configuration is the same as that developed by Richardson et al. [11] . This configuration features a opposed contact geometry. Figure 1 illustrates the SI-GaAs semiconductor switch with an opposed contact structure. The overall size of the SI-GaAs substrate is 4.0 mm (width) × 10.0 mm (length) × 0.6 mm (thickness). The horizontal distance between the two electrodes is 0.532 mm. The size of each electrode is 6.0 mm × 3.0 mm, and they feature two optimizations to improve the SI-GaAs PCSS breakdown voltage and lifetime: the corners are rounded with a 1.1 mm radius (as shown in Fig. 2(a) ), and an optimal etch angle of 135 • was used (as shown in Fig. 2(b) ). If there is no angled-etch, the anode to cathode distance inside the switch is different, and the internal electric field is unevenly distributed. The angled-etch causes the electric field inside the switch to be evenly distributed. And the angled-etch increases the contact area between the SI-GaAs chip and electrodes, which help to reduce the erosion of electrodes caused by current filament. Table 1 compares the lifetime of the two types of PCSSs with angled etched and no angled etched. It can be seen from Table 1 that the lifetime of angle etched is twice longer than that of non-angle etched.
The two ohmic contact electrodes are made of an 800 nm Au/Ge/Ni alloy. The resistance (illustrated in black in Fig. 1 ) constitutes of SI-GaAs and is larger than 5 × 10 7 ·cm. Moreover, its electron mobility is higher than 5000 cm 2 /(V·s). A 900-nm Si 3 N 4 film and 4-mm silicone gel are used to coat the surface of the GaAs PCSS to protect its insulation properties. The switch is placed on a Teflon substrate with planar transmission lines.
The details of the experimental circuit are shown in Fig. 3 . In this test circuit, the PCSS is triggered by the laser diode (LD). The laser emits a pulse of 25 ns-width, a wavelength of 905 nm, and a laser energy of 4 µJ. The LD used in this experiment is Osram SPL PL90_3 that delivers a peak optical power up to 75 W, as shown in Fig. 4 . LD are driven by one single driver module (PCO-7100). Furthermore, the laser aperture measures 200 µm × 10 µm. A high voltage (HV) DC source charges the capacitor via a 4 Mcurrent limiting resistor. The SI-GaAs PCSS is charged by a capacitor. Once the switch is triggered, the capacitor discharges. The current, which flows through the SI-GaAs PCSS, is measured via a current monitor (Pearson Model 7427) with a 70 MHz bandwidth. The experimental waveforms were recorded via an oscilloscope with a bandwidth of 1 GHz.
III. RESULTS AND DISCUSSION

A. PCSS MULTIPLICATION RATE
At bias electric fields below 4-6 kV/cm, each incident photon generates one electron-hole pair and the resistivity of ONstate material is linearly related to the incident optical power. This mode of operation is called the linear mode. As shown in Fig. 5 , the PCSS typically operates in linear switching mode at a bias voltage of 0.3 kV, and the optical energy absorbed by the material is 4 µJ.
When the bias voltage is increased up to 2.5 kV and the excitation energy absorbed is maintained at 4 µJ, the process of multiplication of the photon-induced carrier appears inside the bulk of GaAs material. This mode of operation is often called the "nonlinear mode," "lock-on," or "high-gain," mode, as shown in Fig. 6 .
To demonstrate the level of avalanche and multiplication in the photoconduction process for a GaAs PCSS, we define the multiplication rate (G) for the non-linear operation as where N e is the number of photogenerated carriers and N p is the numbers of photons absorbed by the switch. The absorption depth of SI-GaAs is about 3 micrometers at 905 nm wavelength [12] . Since the absorption depth of the SI-GaAs is smaller than the thickness (0.6 mm) of the SI-GaAs, the light energy is all absorbed. The excitation energy (E p ) is 4 µJ, so the numbers of photons result is N p = 1.82 × 10 13 . The total amount of electric charge flowing in the circuit is equal to the area under the switching current waveform. Hence, one can estimate Ne by the ratio between the area under the switching current waveform and the single charge. The N e is about 4.7×10 15 . When the bias voltage is increased further to 2.5 kV, the multiplication rate is about 258. Fig. 7 and Fig. 8 show the current waveforms of the PCSSs charged via different capacitors under a bias electric field of 30 kV/cm. Fig. 7 shows the current characteristic curve for a 0.821 mm-gap GaAs PCSS. The bias voltage is 2500 V, the bias electric field measures 30.4 kV/cm, and the ceramic capacitor has a capacitance of 220 nF. The switch is triggered via the LD and it delivers an electrical pulse with a peak current of 1.51 kA. Fig. 8 shows the current characteristic curve for a 0.532 mm-gap GaAs PCSS. The bias voltage is 1600 V with a bias electric field of 30.1 kV/cm, and the ceramic capacitor measures 930 nF. As in the previous case, the switch is triggered via the LD and it delivers an electrical pulse of 1.54 kA peak current.
B. PCSS CURRENT UNDER DIFFERENT CAPACITANCES
According to the measurements reported in Fig. 7 and Fig. 8 the peak current is approximately equal, despite the current pulse width of the waveform in Fig. 7 is much larger than the one of Fig. 8 . From this results, one can clearly observe that the 220 nF capacitor releases the electrical signal faster than the 930 nF one, and the current pulse width is much shorter than the 930 nF. In addition, the two current waveforms show that the damping oscillation of the 930 nF capacitor is lower than for the 220 nF. The damping oscillation of the current waveform can be described via the damping degree, ξ :
Here L is test circuit inductance, which can be expressed as follows:
where T is the time period of the waveform, and I 1 and I 2 are the peak currents for two adjacent time periods.
In the case of the current waveform reported in Fig. 7 , T is 1500 ns, R is 1.65 , I 1 and I 2 are 1512 A and 264 A, respectively, and C is 220 nF. The calculated inductance value, L, is 241 nH. In the case of the current waveform shown in Fig. 8 , T is 3438 ns, R is 1.04 , I 1 and I 2 are 1540A and 186 A, respectively, and C is 930 nF. Based on this values, one can calculate the inductance, L, as 289 nH. According to Eq. (2), the calculated damping degree, ξ , is about 0.79 in the 0.821 mm-gap GaAs PCSS case ( Fig. 7) , whereas it measures 0.93 in the 0.532 mm-gap GaAs PCSS case (Fig. 8) . The results of the calculations show that the damping degree of both current waveforms is smaller than 1 (ξ < 1). The current attenuation degree increases upon the increase of the damping degree, and Fig. 7 and Fig. 8 show that the current attenuation degree of 930 nF is greater than a 220 nF capacitance. Fig. 9 shows the schematic diagram for the suppression of photo-activated charge domain (PACD) growth by the change of external domain electric fields [13] , [14] . The schematic diagram of PCSS is shown in Fig. 9(a) . Based on the Butcher's area equal theorem [15] , the velocity of the steady-state domain must be equal to the drift velocity of the extra-domain electrons. The electric field in the domain under steady state domain conditions must satisfy the following equation:
In the inset of Fig. 9(b) , different V 0 corresponds to different E 0 and E c . The three parameters are governed by the law of Butcher's area equal. The connecting lines corresponding to many different groups of E c and V 0 are the dotted curve of f (E 0 , E c ) = 0. According to Boucher's area theorem, as shown in Fig. 9(b) , for each domain external electric field E o , we can find a domain E c on the dotted line to make the shadowed areas equal. The drift velocity of the electrons behind the PACD is high than that of the electrons at the front of the PACD, so PACD will continue to grow and carrier avalanche multiplication increases. The discharge process of the energy storage capacitance will affect the electric field inside the PCSS. Fig. 9 (c) also shows the electric field distribution in the switch, where the dotted line represents the electric field distribution in the field of the initial PACD, and the solid line represents the electric field distribution after the discharge of energy storage capacitance for a period of time. However, the continuous carrier avalanche multiplication increases the electric field Ec in the PACD to E c ', and the external electric field E o decreases to E o ' due to the discharge action of the capacitor, as shown in Fig. 9(c) . As the capacitor discharges, the external electric field continues to decrease. When E o ' is less than the critical electric field of the stable charge domain, the drift velocity of the electrons behind the PACD will be lower than that of the electrons at the front of the charge domain, as shown in Fig. 9(b) . The PACD will remain unstable, with decreased electron concentration and carrier density within the domain avalanche.
In an RLC transient circuit model, the discharge time can be described via the time constant, which can be expressed as:
where R is the on-state resistance and C is the value of the charging capacitor. As the capacitance decreases, the discharge time becomes faster and external electric field decreases faster. This will further shorten carrier avalanche multiplication time caused by the PACD. By adjusting the energy storage capacitor to restrain the growth of the PACD, and eventually quench it, we achieved controllable time of the avalanche multiplication. So the current pulse width decreases with the decrease of the value of a ceramic capacitor. The test results indicate that the current pulse width is dominated by the value of the capacitance.
C. PCSS CURRENT UNDER DIFFERENT ELECTRIC FIELD STRENGTHS
In order to verify the rules which influence the avalanche strength of the PCSSs, not only the capacitor size has to be investigated, but also the electric field bias. Fig. 10 shows the current characteristic curve for the GaAs PCSS. The black line is current waveform of a 0.864-mm-gap GaAs PCSS biased at 2.2 kV. The black line is current waveform of a 0.820-mm-gap GaAs PCSS biased at 2.5 kV. The black line is current waveform of a 0.542-mm-gap GaAs PCSS biased at 2.45 kV. The switches are triggered via the LD and it delivers three electrical pulse with the peak current of 1.29 kA 1.51 kA and 1.65 kA respectively. Fig. 10 shows the current evolution upon a change in the electric field bias from 25.5 to 45 kV/cm. As one can clearly notice, the peak current of the waveform increases upon an increase in the electric field bias, whereas its discharge time decreases. Moreover, the oscillation becomes stronger as well. When the electric field bias is higher than the nonlinear threshold electric field (7.5 kV/cm) [16] , the PCSS operates in the nonlinear mode. When the LD triggers the PCSS, the photon-activated carriers form a PACD in the PCSS and this highly localized electric field in the PACD satisfies the avalanche breakdown condition. The avalanche impact ionization generates the carrier avalanche multiplication, which results in a rapid increase in the current.
Assuming that the diffusion motion and the drift motion of the carriers can be ignored under the influence of a high bias electric field, the time evolution expression of the carrier density can be simplified into:
where n is the carrier density, v n is the electron velocity, τ 0 is the recombination time, A and B are constants which are determined primarily by the characteristics of the PCSS, and E is the bias electric field. In case of an electric field higher than 20 kV/cm, the electron drift velocity reaches its saturation threshold, which is defined by the correlation between the electron drift velocity and the bias electric field [17] . According to Eq. (6), the rate-of-change of the carrier density is determined by the electric field bias. This implies that the peak current increases upon the increase of the bias electric field whereas the on-state resistance decreases. Based on the previous analysis, by increasing the electric field bias the capacitor discharges faster for a fixed capacitance.
In the case of the current waveform observed under a field intensity of 45 kV/cm ( Fig. 10, red trace) , T is 1480 ns, R is 1.48 , I 1 and I 2 measure 1658 A and 342 A, respectively, and C is 220 nF. The calculated value of L is 237 nH. When the field intensity decreases to 30.5 kV/cm ( Fig. 10, blue trace) , T is 1500 ns, R is 1.65 , I 1 and I 2 are 1512 A and 264 A, respectively, and C is 220 nF. The calculated value of L is 241 nH. When the field intensity decreases to 25.5 kV/cm ( Fig. 10, black trace) , the R is 1.70 , and the test circuit inductance is approximate the fixed capacitance value of 220 nF. Based on the above calculation, the associated circuit inductance under different field intensities is approximately equal. And the on-state resistance (R) is inversely proportional to the bias electric field. According to Eq. (2), the damping degree of the current waveform increases upon the decrease of the electric field bias. Therefore, the oscillation becomes stronger as the electric field bias increases.
IV. CONCLUSION
In conclusion, a current of 1.54 kA 1400 ns can be obtained for a bias voltage of 1.6 kV when a single PCSS is triggered by a 4 µJ LD. This work shows that an inexpensive and compact trigger source with an opposed contact PCSS can be successfully used in high-current pulsed power technologies.
